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Summary 
 
The biosphere has a complex mixture of natural and anthropogenic chemicals in its 
compartments, interacting with each other and with organisms. The effect these mixtures have 
on organisms and ecosystems is often unclear; however, the toxic effect of a number of single 
compounds is well documented. One type of toxic compounds, ubiquitously present in the 
environment that is of particular concern includes dioxins, furans and dioxin-like polychlorinated 
biphenyls (dl-PCBs). These compounds bind to the aryl hydrocarbon receptor (AhR) in the cell 
and elicit AhR mediated responses that can result in amongst others birth defects and 
carcinogenesis. The binding affinity to the AhR of these compounds is expressed in toxic 
equivalency factors (TEFs) and the binding affinity of a mixture of these compounds in toxic 
equivalency quotient (TEQ). 
 
Traditionally, environmental samples are analyzed with targeted chemical analysis to investigate 
which toxic compounds are present. This is an effective way of analyzing environmental samples, 
however, compounds that are not targeted for can be missed and the effect of all compounds in a 
mixture is not accounted for. An alternative, complementary approach to investigate 
environmental samples combines chemical analysis with bio-assays, to ultimately link the 
biological activity to one or more toxic chemicals. This approach is called effect directed analysis 
(EDA).  
 
In the current thesis an EDA-type approach was used to characterize unknown compounds with 
AhR agonist activity in different environmental samples. The chosen matrices were of abiotic 
origin (road-side snow) and of biotic origin, divided in animals (European herring gull (Larus 
argentatus) eggs) and plants (moss). For every sample type, samples were collected in or nearby 
Oslo, the capital of Norway, as well as from remote areas in Norway. The three different matrix 
types were extracted and investigated for AhR agonist activity, using the dioxin responsive 
chemically activated luciferase expression (DR-CALUX) bioassay and analyzed chemically to try 
to identify the compounds responsible for the biological activity. 
 
All sample types showed AhR agonist activity (in TEQCALUX) in the whole extract, but different 
challenges emerged while chemically analyzing the different sample types and comparing the 
biological activity with the chemically identified compounds, and solutions were found in 
different ways.  
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In the road-side snow samples up to 9% of the biological activity could be explained by PAHs, 
while most of the activity was due to PAH derivatives in a large unresolved complex mixture 
(UCM). Soot from car exhaust fumes and car tire wear, also known as black carbon (BC) is likely 
to be involved in lowering the bioavailability of AhR agonist compounds. These results show that 
oil contaminated samples like road-side snow, contain an extremely complicated mixture of 
chemicals. In addition the results contribute to the understanding of the importance of 
investigating the bioavailability of compounds, in combination with assessing the BC 
concentration, in abiotic samples. The monitoring of 16 PAHs, which is routinely done, might 
not be sufficient to assess the effect these samples could have on organisms when the snow melts 
in spring. 
 
In European herring gull egg samples the chemically derived TEQ was up to 10 times higher 
than the limit for chicken eggs for human consumption. However, the chemical TEQ was higher 
than the TEQCALUX in 83% of the samples, indicating the presence of AhR antagonists. Some 
antagonists could be identified, but no negative correlation could be detected. These results 
indicate that bio-monitoring of eggs and similar samples could underestimate the concentration 
of dioxins, furans and dl-PCBs due to the presence of antagonists. 
 
And finally, the moss samples showed elevated AhR agonist levels but no anthropogenic 
compounds with known AhR agonist properties could be detected. The biological activity is 
probably due to naturally in the plant occurring compounds such as fragrances, lipids and 
hormones, in addition to humic substances (HS) that are part of the natural organic matter 
(NOM) in the environment. 
 
The different matrices analyzed in this thesis clearly show the advantage of analyzing 
environmental samples with an EDA-type approach. In addition this thesis demonstrates that 
such a holistic approach is necessary to better understand the dynamics in the complex mixture 
of chemicals in environmental samples. Chemical analysis and biological assays, such as the DR-
CALUX assay, combined can discover more information about agonist and antagonist 
interactions and the presence of anthropogenic and natural compounds in environmental 
samples. 
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1. Introduction 
 
Since the start of the industrial revolution, pollution has been a problem in most parts of the 
world. Some pollution is visible to the naked eye: smoke coming from coal-fired power stations 
to produce electricity, or plastics in the ocean from our dependency on new materials. However, 
most pollution is less visible, and often only the effect it has on the environment, wildlife or 
humans is noticeable, and the specific toxicant(s) responsible for such effects only measurable by 
extensive chemical analysis. 
 
It is a major challenge for environmental scientists to be able to link health effects in humans or 
wildlife to the presence of specific contaminants. Contaminants are usually present in the 
environment in complex mixtures, interacting in additive, synergistic or antagonistic ways with 
each other, and in addition to contaminants, factors such as age, sex and additional stressors 
(availability of food, climate change) also play an important role in determining the general health 
of individuals and populations. Sometimes the toxic effect of a compound only becomes 
apparent after it has been used and emitted into the environment and has had the time to 
accumulate in organisms. An early example is the pesticide DDT (1-Chloro-2-[2,2,2-trichloro-1-
(4-chlorophenyl)ethyl]benzene), which is a very effective pesticide against insects, but also 
bioaccumulated in birds of prey, and caused a decline in the bird populations (Carson 1962). 
 
In 1966 analysis of a sample from a sea eagle confirmed, in addition to DDT, a number of 
unidentified anthropogenic compounds (Jensen 1972). These unknown compounds 
bioaccumulated in the eagles and were resistant against metabolism. They were finally identified 
as another group of halogenated organics; namely polychlorinated biphenyls (PCBs, Figure 1a). 
PCBs were first synthesized in 1881 and the commercial manufacturing began in 1929 where they 
were used as plasticizers, as additives to a range of products and insulators in electrical wiring and 
appliances. It became soon apparent that they were toxic for humans and wildlife, but not until 
they were found in human and wildlife tissue samples and displayed bioaccumulation properties, 
were they banned in open applications. Manufacturing of PCBs was banned in 1979 (Erickson 
and Kaley 2011). PCBs, however, continue to be ubiquitously identified in environmental 
samples from all over the world up to this date and thus demonstrate the long-term legacy left by 
chemical pollution. 
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Unlike PCBs, the compound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other 
polychlorinated dibenzo-p-dioxins (PCDD or dioxins) are unintentionally produced. They are 
byproducts of insecticide production, contamination in the chlorinated phenol industry, metal 
production or produced during incomplete combustion, from waste incineration, and fossil-fuel 
and wood combustion. TCDD (Figure 1b) is known, in the popular press, as ‘the most toxic 
man-made chemical’ (Hites 2011). Several accidents of dioxin contamination have led to 
ecological and economical disasters, such as Vietnam veterans getting ill after having handled 
agent orange (a pesticide contaminated with TCDD), or the Seveso accident in Italy, where an 
explosion in 1976 exposed the surrounding population to the highest recorded levels of TCDD 
(Hites 2011). PCBs and dioxins are among the legacy contaminants that are nowadays hardly 
produced and the concentrations we measure in the environment are mainly a result from the 
time when they were produced and used. However, small amounts of dioxins are still being 
emitted by among others iron ore sintering and municipal waste incineration (Quaß et al. 2004), 
and PCBs are still present in old buildings and landfill sites. In addition, cigarette smoke contains 
both dioxins and PCBs (Wilson et al. 2008). 
 
Another group of contaminants that is continuously emitted into the atmosphere is the polycyclic 
aromatic hydrocarbons (PAHs, Figure 1c). Since PAHs are present in fossil fuels and are emitted 
during combustion, as well as with natural phenomena such as volcanic eruptions, they will 
always be present in the environment. PAHs are more easily metabolized than dioxins and PCBs, 
but can be found at high concentrations in air, water and biota. Some PAHs have the same toxic 
potential, albeit at higher concentrations, as PCBs and dioxins (Machala et al. 2001). PAHs are 
not highly persistent, but they are compounds of concern due to their toxicity, the large 
concentrations emitted and their ubiquitous presence in the environment. 
 
Figure 1. Example of a. PCB: 3,3’,4,4’,5-pentachloro biphenyl (PCB126) b. PCDD: 2,3,7,8- 
tetrachlorodibenzo-p- dioxin (TCDD), c. PAH: benzo[k]fluoranthene. 
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It is worthy to note that not all chemical pollution is toxic and has a negative effect on humans or 
wildlife, and in addition some compounds are only toxic at very high concentrations, metabolize 
easily or do not accumulate in organisms and are therefore of little concern in the assessment of 
the total toxicity of an environmental sample. In addition, there is a large difference between 
species in their sensitivity to chemical compounds. The median lethal concentration (LC50) for 
TCDD for example, varies between 1 μg/kg for guinea pig (the most sensitive mammal) and 
>5000 μg/kg for hamsters (the most resistant) (Poland and Knutson 1982). 
 
1.1 Persistent organic pollutants 
DDT, PCBs, TCDD and several other compounds are part of the group of Persistent Organic 
Pollutants (POPs) listed under the Stockholm convention (UNEP 2008) (Table 1). All POPs are 
polyhalogenated aromatic compounds, meaning that they consist of benzene rings substituted 
with several chlorine, bromine or fluorine atoms (except for perfluorooctane sulfonic acid 
(PFOS), which is linear). All POPs share the following properties: 
1) They are toxic to humans and wildlife; 
2) They are persistent, with long half-lives in the environment and in organisms; 
3) They become widely distributed throughout the environment as a result of natural 
processes involving soil, water and air; 
4) They are lipophilic and accumulate in fatty tissues (UNEP 2008). 
These compounds are either banned or their use is heavily restricted. However, even though 
several POPs have been banned since the 1970s and 1980s, they are still ubiquitously measured in 
the environment, due to their persistence and their ability to long range transport (LRT).  
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Table 1, legacy POPs and “new” POPs (UNEP 2008). 
The initial POPs The new POPs 
Aldrin Alpha hexachlorocyclohexane 
Chlordane Beta hexachlorocyclohexane 
DDT Chlordecone 
Dieldrin Hexabromobiphenyl 
Endrin Hexabromobiphenyl ether 
Heptachlor Heptabromobiphenyl ether 
Hexachlorobenzene (HCB) Lindane 
Mirex Pentachlorobenzene 
Toxaphene Perfluorooctane sulfonic acid 
PCB Endosulfan 
Dioxins (PCDD) Tetrabromodiphenyl ether 
Furans (PCDF) Pentabromodiphenyl ether 
 
 
1.2 Aryl hydrocarbon receptor agonists 
Some dioxins, PCBs and polychlorinated dibenzofurans (PCDFs or furans), as well as some 
PAHs and brominated flame retardants (BFRs), have a similar toxicity in organisms. As shown in 
test animals, these type of compounds can among other effects cause cancer and liver failure, and 
in accidentally exposed humans they have caused a skin condition called chloracne and 
reproductive problems (Bertazzi et al. 1998). A follow-up study from the Seveso incident 
reported a higher incidence of cancer, earlier age at menopause and fertility problems associated 
with TCDD levels in women (Eskenazi et al. 2000, Warner et al. 2002, Eskenazi et al. 2005, 
Eskenazi et al. 2010). These toxic responses are thought to be mainly due to the binding affinity 
of TCDD and other, so-called dioxin-like compounds, to a single receptor; the aryl hydrocarbon 
receptor (AhR). All AhR agonists have a planar configuration making them bind to the AhR and 
mediate AhR agonist like responses (Figure 2).  
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Figure 2. Schematic overview of the mechanism of activation of gene expression by the AhR. The figure is modified 
from Denison and Nagi (2003). 
 
The AhR is a member of the helix-loop-helix superfamily and a receptor ubiquitously expressed 
in most tissues of an organism. It is located in the cytoplasm as part of a multiprotein complex, 
also containing several chaperone proteins (Denison and Nagy 2003). The AhR is thought to play 
an important role in the cell’s defense against oxidative stress and in cell cycle control (Nebert et 
al. 2000). AhR agonists diffuse into the cell were they bind to the AhR in the cytoplasma, and the 
ligand- AhR complex translocates into the nucleus of the cell and dimerizes with another basic 
helix-loop-helix protein, the AhR nuclear translocator (ARNT) protein, which converts the AhR 
into a form with high affinity for DNA binding (Nebert et al. 2004). This heterodimer complex 
binds to a dioxin responsive element (DRE) on the genome, which induces the transcription of 
genes encoding phase I xenobiotic metabolism enzymes such as cytochrome P-450 (CYP)1A1, 
CYP1A2 and CYP1B1 enzymes (Nukaya et al. 2010). CYP1A1 is an enzyme involved in 
oxidation, reduction and hydroxylation reactions. In addition, other genes that influence basic 
cellular processes are activated, which can result in birth defects, teratogenicity, dermal toxicity, 
immunotoxicity, hepatotoxicity, thymic involution and carcinogenicity in the affected organism 
(Behnisch et al. 2001, Safe 2001).  
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1.3 Dioxin-responsive chemically activated luciferase assay 
There are several ways to measure AhR agonist activity, for example by measuring the 
ethoxyresorufin O-deethylase (EROD) activity in cells, as a biomarker of exposure to dioxin-like 
compounds. This assay is however time-consuming and shows inhibition at high ligand 
concentrations (Sakai and Takigami 2003). Therefore, in the mid-1990s a new bioassay was 
developed, using a recombinant rat or mouse liver cell-line containing a stably transfected, 
dioxin-responsive firefly (Photinus pyralis) reporter gene, downstream from the DRE on the 
genome (Garrison et al. 1996). This cell-assay is called the dioxin-responsive chemically activated 
luciferase assay (DR-CALUX) and is a well-documented bio-assay to measure AhR agonist 
activity. This assay is validated as a rapid, sensitive and reproducible method for determining the 
potency of mixtures of compounds that bind to and activate the AhR (Murk et al. 1996). When a 
compound binds to the AhR and activates the DRE, luciferase gene expression is induced in a 
concentration (dose)-dependent and chemical-specific way. The DR-CALUX assay is 
promiscuous and mechanism specific, not compound specific, so all compounds that bind to the 
AhR elicit a response, that is, not only the acknowledged AhR agonists (dioxins, furans and 
dioxin-like (dl-) PCBs) but also emerging contaminants such as BFRs, some pesticides and 
plasticizers could possibly cause a response, in addition to other compounds, toxic or non-toxic, 
anthropogenic or natural, stable or labile, provided that they have an affinity for the receptor. 
 
The DR-CALUX bioassay is often used for the first screening of samples for the presence of 
AhR agonists, as a cheaper and faster method than full-scale chemical analysis, for example to 
screen harbor or estuarie sediments, (Stronkhorst et al. 2002, Hurst et al. 2004) human breast 
milk (Laier et al. 2003) or food stuffs (Schoeters et al. 2004, Hoogeboom et al. 2006). One of the 
drawbacks with this assay is that it does not discriminate between anthropogenic AhR agonists 
and natural ones. Naturally occurring compounds are also known to elicit a response in the DR-
CALUX assay (Baumgart et al. 2005, Connor et al. 2008) and this can cause an overestimation of 
the overall toxicity of a sample. In general, interpretation of the data is a challenge: some 
compounds can interact together in a synergistic way, with a higher AhR agonist response than 
the sum of each of the compounds would predict (Billiard et al. 2008). And in addition some 
compounds are known to have weak binding affinities for the AhR and therefore compete with 
AhR agonists, causing an antagonistic effect and an underestimation of the toxicity of the sample 
when present in high concentrations. 
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The assay is validated by Windal et al. (2005a) to be a valuable tool for the estimation of dioxin-
like activity in biological marine matrices and, even though it has its limitations, is thought to be 
one of the best tools for estimation of the concentration of AhR agonists in unknown sample 
extracts. The DR-CALUX assay is said to be especially suitable for high-throughput screening 
and the detection of samples with levels of AhR agonists above the common background 
(Hoogeboom et al. 2006). The assay is reproducible and provides toxicological relevant data, 
since it is based on the cellular response of AhR agonists (Stronkhorst et al. 2002). However, 
others have stated that data obtained with the DR-CALUX assay alone are not suitable to be 
used in quantitative risk assessment of dioxins, furans and dl-PCBs in food matrices, since there 
is a high risk of overestimation due to interference with other AhR agonists, especially at low 
concentrations of dioxins, furans and dl-PCBs (Vromman et al. 2012). 
 
1.4 Toxic equivalent quotient  
Since AhR agonists usually exist in a mixture of different compounds with different affinities to 
the AhR and therefore with different toxicities, the toxic equivalent factor (TEF) concept was 
developed. The TEF concept quantifies the overall dioxin-like contamination in the sample or in 
the organism (Van den Berg et al. 1998). This concept uses the potency determined for individual 
compounds (dioxins, furans and dl-PCBs) for binding to the AhR, relative to 2,3,7,8-TCDD, 
which is the most potent AhR agonist with a TEF value of 1. 3,3’,4,4’,5-pentaCB (also known as 
PCB126) for example, is ten times less potent than TCDD and has therefore a TEF value of 0.1 
(Table 2). The TEF values of all compounds in the mixture can be multiplied with the 
concentration of these compounds and the toxic equivalently quotient (TEQ) can be calculated: a 
measurement of the AhR mediated toxicity of the mixture. Until now 29 different PCDDs, 
PCDFs and PCBs have been appointed official TEF values (Van den Berg et al. 2006). For a 
compound to be included into the TEF concept, it has to:  
-show a structural relationship to PCDDs;  
-bind to the AhR;  
-elicit AhR related biochemical and toxic responses;  
-and be persistent and accumulate in the foodchain. 
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Table 2. The WHO TEF compounds with their respective TEF value for humans and mammals (Van den Berg 
et al. 2006), birds and fish (Van den Berg et al. 1998) and the CALUX REP values (Behnisch et al. 2003).  
 Compounds with TEF value Humans/ 
mammals 
Birds Fish CALUX REP 
 
Dioxins  2378-TCDD 1 1 1 1 
 12378-PeCDD 1 1 1 0.54 
 123478-HxCDD 0.1 0.05 0.5 0.3 
 123678-HxCDD  0.1 0.01 0.01 0.14 
 123789-HxCDD 0.1 0.1 0.01 0.066 
 1234678-HpCDD 0.01 <0.001 0.001 0.046 
 OCDD 0.0003 0.0001 <0.0001 0.0005 
Furans 2378-TCDF 0.1 1 0.05 0.32 
 12378-PeCDF 0.03 0.1 0.05 0.21 
 23478-PeCDF 0.3 1 0.5 0.5 
 123478-HxCDF 0.1 0.1 0.1 0.13 
 123678-HxCDF 0.1 0.1 0.1 0.039 
 234678-HxCDF 0.1 0.1 0.1 0.18 
 123789-HxCDF 0.1 0.1 0.1 0.11 
 1234678-HpCDF 0.01 0.01 0.01 0.029 
 1234789-HpCDF 0.01 0.01 0.01 0.041 
 OCDF 0.0003 0.0001 <0.0001 0.00065 
dl-PCBs 3,3',4,4'-TCB (PCB 77) 0.0001 0.1 0.0005 0.0013 
 3,4,4',5-TCB (PCB 81) 0.0003 0.05 0.0001 0.0042 
 3,3',4,4',5-PeCB (PCB 126) 0.1 0.1 0.005 0.067 
 3,3',4,4',5,5'-HxCB (PCB 169) 0.03 0.001 0.00005 0.0034 
 2,3,3',4,4'-PeCB (PCB 105) 0.00003 0.0001 <0.000005 0.000012 
 2,3,4,4',5-PeCB (PCB 114) 0.00003 0.0001 <0.000005 0.000048 
  2,3',4,4',5-PeCB (PCB 118) 0.00003 0.00001 <0.000005  
 2,3',4,4',5'-PeCB (PCB 123) 0.00003 0.00001 <0.000005 0.000024 
 2,3,3',4,4',5-HxCB (PCB 156) 0.00003 0.00001 <0.000005 0.00021 
 2,3,3',4,4',5'-HxCB (PCB 157) 0.00003 0.0001 <0.000005 0.00008 
 2,3',4,4',5,5'-HxCB(PCB 167) 0.00003 0.00001 <0.000005 0.0000082 
  2,3,3',4,4',5,5'-HeCB(PCB 189) 0.00003 0.00001 <0.000005 0.0000067 
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The internationally accepted world health organization (WHO) TEF values, which are used to 
calculate the TEQ values, is a list of TEF values for humans and mammals, calculated with an 
assumed uncertainty of one order of magnitude to deal with species differences (Van den Berg et 
al. 2006) (Table 2). Slightly different TEF values are calculated for birds and fish (Van den Berg 
et al. 1998), but all these TEF values are by necessity generalizations, since the AhR in different 
species has different binding affinities to dioxin-like compounds. Therefore, in addition to 
different TEFs for humans/mammals, fish and birds, induction equivalently factors (IEFs) are 
calculated for several separate species, Herring gulls, for example, seem to be less sensitive to 
PCB126 (IEF of 0.06 against a TEF of 0.1 for mammals or birds) (Kennedy et al. 1996a) and 
more sensitive to 1,2,3,7,8-PeCDF (IEF of 21 compared to a TEF of 0.03 for mammals or 0.1 
for birds), (Hervé et al. 2010) than both mammals or other birds.  
 
Several other compounds, including some PAHs and brominated flame retardants, are thought to 
bind to the AhR, but since there is not enough data available to appoint them with official TEF 
values, their activity is expressed in IEFs as well (Machala et al. 2001, Behnisch et al. 2003, 
Eljarrat and Barcelo 2003). Also the IEF values of all compounds in the mixture can be 
multiplied with the concentration of these compounds to calculate the induction equivalently 
quotient (IEQ). A recent review has concluded that brominated dioxins and furans and non 
ortho-polybrominated biphenyls (PBBs) have comparable relative potencies to those of their 
chlorinated analogues and that similar interim TEF values should be used in wait for more 
studies on these compounds (van den Berg et al. 2013). In Table 3 some selected compounds and 
their proposed IEF values are presented. Note that these values can differ within orders of 
magnitude between different studies. 
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Table 3. Selected compounds with proposed IEF value. 
  Compounds with IEF value IEF Reference 
PAHs Fluoranthene 9.3 x 10-7 Machala (2001) 
 Pyrene 3.38x10-6 Machala (2001) 
 Benz(a)anthracene 9.6x10-6 Machala (2001) 
 Chrysene 1.1x10-4 Machala (2001) 
 Benzo(k)fluoranthene 2.9x10-3 Machala (2001) 
 Benzo(e)pyrene 6.3x10-7 Machala (2001) 
 Benzo(a)pyrene 2.0x10-4 Machala (2001) 
 Indeno(1,2,3-cd)pyrene 5.0x10-4 Machala (2001) 
 Dibenzo(a,h)anthracene 1.5x10-3 Machala (2001) 
 2,3,7-Tri-BDD 0.081 Behnisch (2003) 
 2,3,7,8,-TBDD 0.73 Behnisch (2003) 
Brominated dioxins 1,2,3,7,8,-PeBDD 0.26 Behnisch (2003) 
 1,2,3,6,7,8,-HxBDD 0.007 Behnisch (2003) 
 1,2,3,7,8,93,- HxBDD 0.041 Behnisch (2003) 
 2,3,7,8,-TBDF 0.97 Behnisch (2003) 
 1,2,3,7,8,3-PeBDF 0.13 Behnisch (2003) 
Brominated furans 2,3,4,7,8,-PeDBF 0.12 Behnisch (2003) 
 1,2,3,4,7,8,-HxBDF 0.017 Behnisch (2003) 
 3,3',4,4'-TBB (TBB-77) 0.083 Behnisch (2003) 
 2,2',4,5',6-PeBB (PBB-103) 0.0015 Behnisch (2003) 
Brominated biphenyls 3,3',4,4',5-PeBB (PBB-126) 0.12 Behnisch (2003) 
 3,3',4,4',5,5'-HxBB (PBB-169) 0.0031 Behnisch (2003) 
Chlorinated naphthalenes 1,2,3,6,7-PeCN 0.0018 Behnisch (2003) 
 1,2,3,6,7,8-HxCN 0.0097 Behnisch (2003) 
Other Hexachlorobenzene (HCB) 0.0001 van Birgelen (1998) 
 
 
1.5 Contaminants of emerging concern 
As presented above, twenty-nine compounds are documented to be AhR agonists and have been 
assigned TEF values, and several others are also likely to bind to the AhR. Nevertheless there are 
dozens of other compounds about which we have little or no knowledge of their binding 
potential. These are compounds used in industry or as pesticides in agriculture, compounds that 
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are emitted into the environment, interact with other chemicals and potentially accumulate in 
organisms. While the toxicity of legacy POPs is known to some extent and their use is regulated, 
contaminants of emerging concern (CECs) are unregulated compounds that are increasingly used 
and their toxicity is to a large extent unknown.  
 
1.6 Chemical analysis 
The traditional method for identifying toxicants in the environment is by assessing which 
chemicals are expected in the sample and analyzing for those specific contaminants using targeted 
chemical analysis. Gas chromatography (GC), for example, is a separation technique first 
developed in the 1950s, when the separation of mixtures was made possible using a column 
where the mobile phase, nitrogen gas, was made to flow over a stationary phase of silicone gel. 
Rapid expansion and development of the technique followed, and by the 1980s capillary columns 
were introduced, with greater separation efficiency (Bartle and Myers 2002). The technique 
continued to develop rapidly and with the advance of modern technology, the chemical analysis 
of environmental samples has become easier, quicker and more adequate. Computer programs 
and databases were developed to help the analytical chemist identify and quantify the chemicals 
present. When the GC is coupled to a high resolution time-of-flight mass spectrometer (GC-HR-
ToF-MS), it is an efficient instrument for the identification of unknowns in the environment: it 
can screen hundreds of compounds in one run and data can be acquired and processed without 
prior knowledge of the presence of certain compounds, co-called non-target screening 
(Hernandez et al. 2011). With GC-HR-ToF-MS it is possible to obtain extracted ion 
chromatograms using narrow mass windows and excluding a large portion of the chemical 
background, hereby improving the signal-to-noise ratios and being able to detect small 
concentrations of chemicals. In addition, using for example chromalynx® software, data can be 
processed automatically and library matches of peaks in the ion chromatogram can be found. 
Tentative identification of the compounds requires an addition manual step, where the elemental 
composition of the fragment ions in the chromatogram peak is checked in order to assess if they 
are compatible with the proposed molecular structure (Hernandez et al. 2011).  
 
1.7 Effect-directed analysis 
Even though chemical analysis is an efficient way of measuring contaminants in environmental 
samples, it does not account for compounds we know little or nothing about, for example 
metabolites or compounds with an unknown toxicity. To characterize and assess these so-called 
unknowns in environmental samples is a major challenge. Often a broad non-targeted analysis of 
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the samples is not only expensive, but also virtually impossible due to non-existing a priori 
knowledge of compounds and limited analytical methodologies (Hecker and Hollert 2009). In 
addition, the fact that these chemicals co-exist in the environment as complex mixtures 
(cocktails) with the potential to cause combined effects that are not predicted by the effect of the 
individual compounds, warrants a more holistic and non-biased chemical monitoring strategy.  
 
An alternative, complementary approach to targeted chemical analysis was developed in the early 
1980s, combining chemical analysis with bio-assays that respond to specific chemicals, to 
ultimately link the biological activity to one or more toxic compounds (Figure 3). This approach 
is called effect-directed analysis (EDA) (Brack 2003). The EDA procedure has been adopted by 
the United States Environmental protection Agency (US EPA) as an established technique to 
identify toxins in the environment, called toxic identification evaluation (TIE). Since then, there 
have been more than 300 publications on EDA or TIE.  
 
EDA/TIE uses the following three steps (Brack 2003): 
-Toxicity characterization by assignment of toxicity to general groups of contaminants, 
for example dioxin-like toxicity; 
-Identification of suspected contaminants, with chemical analysis; 
-Confirmation of the suspected cause of toxicity. 
While TIE focusses on the bioavailable fraction of aqueous samples, using whole organisms as 
toxicity test objects, EDA is a more general term and encompasses all kinds of contaminants in 
all kinds of media, and uses in vitro tests to assess toxicity (Burgess et al. 2013).  
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Figure 3. Schematic overview of the EDA approach used in this thesis. 
 
When positive activity is measured on the bioassay, the objective would be to identify the 
compounds responsible for that effect. Using target analysis, compounds with a known binding 
affinity (compounds with a WHO TEF value) could be identified and used to calculate WHO 
TEQ values or CALUX specific relative effect potencies (REPs) (Behnisch et al. 2003). They 
could then be compared to the DR-CALUX inhibition, in TEQCALUX, to determine how much of 
the measured bioassay activity can be explained by the known compounds.  
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When an unexplained effect is measured, there are several ways to try to identify and confirm the 
potential toxicant(s). A first step would be to fraction and simplify the sample and test the 
fractions again in the bioassay. The active fractions could be screened using a non-target chemical 
screening, for example with GC-HR-ToF-MS, and subsequently the structure(s) that were 
identified could be confirmed with the use of a chemical library. Some compounds are known to 
bind the AhR but have no official WHO TEF values: they have IEF values which can be used to 
explain some of the activity. Finally, other candidate compounds could be identified that are, 
based on their structure and our previous knowledge of the chemical, more of less likely to bind 
to the receptor in question. Further confirmation with a quantitative structure-activity 
relationship (QSAR) toolbox could then confirm the binding potential of the compounds. And 
with subsequent testing of the candidate compound on the bioassay the binding potential could 
be truly confirmed. However, this procedure is not as straightforward as it seems and often a 
percentage of the biological effect remains unaccounted for. 
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2. Aims and objectives 
 
In order to clarify the known and unknown AhR agonists that are present, an EDA approach was 
used as a tool to identify AhR agonists in a variety of matrices: samples were chosen to represent 
the abiotic environment (road-side snow) and the biotic compartment, the latter being divided 
into animals (European herring gull (Larus argentatus) eggs) and plants (moss).  
 
This was achieved by investigating the following objectives: 
-Quantify the AhR agonist activity (in TEQCALUX) in different sample types. 
-Identify the chemicals responsible (in WHO TEQ, IEF or CALUX specific REP values) 
for the observed biological activity, using state-of-the-art broad spectrum analytical 
techniques. 
-Try to identify unknown compounds in the samples that cause an effect on the DR-
CALUX assay. 
 
This approach lead to different challenges with the different sample types, and solutions were 
found in different ways. 
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3. Methods 
 
The different sample types required different methods for handling, extraction and chemical 
analysis; however, the same type of biological assay was performed for all samples. In the 
following section the differences and similarities of the different procedures are explained for the 
road-side snow, the herring gull eggs and the moss samples. 
  
3.1 Sampling 
The road-side snow samples were collected following a large snow event in February 2009 on 
streets with different amounts of traffic, and a background sample was collected in the mountain 
area of Norefjell with little motorized transport. 
 
The European herring gull eggs were collected in May 2012. Eleven eggs were collected on 
Musvær Island, in the north of Norway and twelve eggs on the island of Reiaren, in the southeast 
of the country. 
 
The moss samples were collected in June and July of 2008 at various locations in and around the 
urbanised areas of Oslo and two different presumed pristine mountain areas in Norway (Figure 
4). 
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Figure 4. Map of Norway, with the Oslo fjord in the inlet, showing the locations where the different samples are 
taken (pictures from Wikimedia commons and www.clcer.com). 
 
3.2 Sample preparation and extraction 
Different types of sample preparation and extraction techniques were developed and used for the 
different sample types. 
 
3.2.1 Snow 
The samples were thawed and filtered using a GF-C cellulose filter (Whatman). The aqueous 
phase was extracted by solid phase extraction on a C18 cartridge, after conditioning the cartridge 
with a water-soluble solvent and then distilled water. Analytes were eluted with dichloromethane 
(DCM). The filter papers were dried and extracted using accelerated solvent extraction with 
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DCM. The resulting eluent was cleaned up using a multi-layer dioxin column and eluted with 
hexane (F1 particles) and DCM (F2 particles) respectively. The water fraction and the F1 and F2 
particle fractions were analyzed with DR-CALUX, GC-HR-ToF-MS and two-dimensional gas 
chromatograph coupled to mass spectrometry (GCxGC-ToF-MS) (Figure 5). 
 
 
Figure 5. Schematic overview of methods used to analyze the snow samples. The figure is modified from paper I. 
 
3.2.2 European herring gull eggs 
Only the egg yolk was extracted. For the non-targeted analysis, the targeted analysis for 1,1-
Dichloro-2,2-bis(p-chlorophenyl) ethylene (DDE) and hexachlorobenzene (HCB) and for the 
extract used for the DR-CALUX assay, the samples were extracted with acetone: cyclohexane 
(3:2). Lipids were removed by gel permeation chromatography using DCM prior to chemical and 
biological analysis. 
For the targeted analysis on a gas chromatograph/high resolution mass spectrometer 
(GC/HRMS), the samples were evaporated and internal standards were added. Samples were 
dissolved in hexane and cleaned-up on a multilayer silica column and divided into three fractions: 
the F1, containing non-dioxin-like (ndl-) PCBs, the F2, containing dl-PCBs and the F3, 
containing PCDDs and PCDFs (Figure 6). 
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Figure 6. Schematic overview of methods used to analyze the European herring gull egg samples. 
 
3.2.3 Moss 
The ground and freeze-dried moss samples were extracted using accelerated solvent extraction 
with cyclohexane. An aliquot of the resulting eluent was analysed by GC-HR-ToF-MS and an 
aliquot was being analysed using the DR-CALUX assay (total fraction). 6 ml of the remaining 
sample was run through a multi-layer dioxin column and eluted first with 4x 26 ml hexane (F1) 
and afterwards with 4x 26ml dichloromethane (F2), prior to analysis on the DR-CALUX assay 
and on the GC-HR-ToF-MS. 
 
 
3.3 DR-CALUX assay 
The DR-CALUX cell assay was used to measure the AhR agonist activity in all sample types 
(road-side snow, European herring gull eggs and moss). 
The DR-CALUX uses a rat hepatoma cell-line, HL16.Lc2, stably transfected with an AhR-
regulated luciferase reporter gene from the firefly (Photinus pyralis), downstream from the DRE. 
The cells are incubated with a dilution series of a standard (TCDD) and a dilution series of the 
sample. After incubation, the cells are lysed and luciferin is added, which reacts with luciferase 
and produces light, which can be measured with a luminescence counter. The luciferase activity 
of the samples is interpolated with the TCDD standard curve, to create the TEQCALUX (Figure 7). 
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Figure 7. Schematic overview of the mechanisms of the CALUX cell. The figure is modified from www.dioxins.com. 
 
3.4 Chemical analysis 
To assess which compounds were responsible for the biological activity measured on the DR-
CALUX assay, all road-side snow, seagull egg and moss samples were subjected to chemical 
analysis. For all sample types non-targeted analysis was performed using GC-HR-ToF-MS. All 
peaks were integrated manually and by using the ChromaLynx® software. Compounds were 
tentatively identified using the National Institute of Standards and Technology (NIST) library. 
Targeted analysis for PAHs was performed using the TargedLynx® software. 
 
In addition, the road-side snow samples were analyzed using GCxGC-ToF-MS and compounds 
were identified using chromatographic and mass spectrometric information.  
 
The herring gull eggs were analyzed using GC/HRMS. Chromatograms were evaluated using 
the Thermo Scientific TargetQuan software and the levels of PCDD/Fs, dl-PCBs and ndl-PCBs 
determined by applying the isotope dilution approach, using the U.S. EPA 1613 (USEPA 1994) 
and 1668 method (USEPA 1999). DDE and HCB were analyzed using gas chromatography with 
a micro-electron capture detector (GC/μECD). 
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More details on the analysis on the chemical analysis of the different sample matrices are available 
in papers I, III and IV. 
 
3.5 Bioavailability and black carbon 
One of the problems with chemical analysis of abiotic samples is that with chemical extraction all 
compounds can be extracted from the matrix, also the compounds that might be toxic, but are 
very lipophilic and therefore hardly available to organisms. This problem is well addressed for in 
sediment analysis and the use of a mild solvent extraction or desorption into water and a 
subsequent adsorption of the bioavailable fraction on a competitive adsorbent is suggested 
(Brack et al. 2009). In the current dissertation bioavailability is only an issue in the study on road-
side snow, snow being the only abiotic matrix that was investigated. The PAHs present in the 
snow are known to bind strongly to black carbon (BC) which renders then unavailable to 
organisms (Jonker et al. 2005). The bioaccessibility of the AhR agonists in the particles of the 
snow extracts was therefore investigated using XAD-2 resin, to determine the percentage of AhR 
agonists that are available for organisms. Additionally the amount of BC and total organic carbon 
(TOC) was determined to investigate if the concentration of BC is high enough to explain the 
relatively low bioavailability. 
 
3.6 Statistics 
The road-side snow and the moss studies (papers I and IV, respectively) were predominantly 
qualitative with no statistical analysis. In the seagull eggs study (papers II and III), principal 
component analysis (PCA) was preformed to evaluate the influence of the different AhR agonist 
groups on the TEQCALUX, and Pearson correlation coefficients between the bioassay derived TEQ 
(TEQCALUX) and the TEQ derived by GC/HRMS and GC-HR-ToF-MS (WHO TEQ and REP) 
were calculated.  
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4. Main findings 
 
The main findings of the four papers in this thesis are summarized here. 
 
 
4.1 Characterization of AhR agonist compounds in road-side snow  
(paper I) 
Snow sampled from three road-side locations in Oslo, the capital of Norway, and from one 
location in the mountain area of Norefjell, was analyzed for AhR agonist activity. The dissolved 
(water) fractions from the road-side locations were shown to contain AhR agonist levels of 
between 15 and 387 pg/L TEQCALUX. Surprisingly high AhR agonist activity (221 pg/L 
TEQCALUX) was measured in the presumed pristine mountain sample. The particle fractions from 
the road-side samples showed, following fractionation by open column chromatography, no 
measurable AhR agonist activity in F1 (dioxins, furans and PCBs). However, the F2 fraction 
(PAHs) of the road-side samples contained AhR agonist concentrations of between 1,350 and 
7,390 pg/L TEQCALUX, of which 16% was bioavailable in the major highway sample (Figure 8). 
The BC percentages of 0.13-0.15% and BC/TOC ratios of 1.61-1.67 suggest that more than 50% 
of AhR agonists were bound to the particulate phase, which confirms the low level of 
bioaccessibility. These data showed the importance of determining the bioavailability of 
compounds in abiotic samples, due to the large amount of particulate matter containing BC. 
Background samples (such as the mountain sample) on the other hand, are expected to have a 
negligible amount of BC and therefore a larger fraction of the AhR agonists would be 
bioavailable, which results in a higher response despite lower total loadings.  
 
Targeted chemical analysis of the water fraction identified 10 PAHs that combined explained 
<0.05% of the TEQCALUX, as well as some plasticizers and fire retardants for which no IEF values 
are available. No compounds of interest were identified in the F1 particle fraction. In the F2 of 
the particle fraction 9 PAHs could be identified, which could explain 2-9% of the TEQCALUX 
measured. 
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Figure 8. AhR agonist activity (pg/L TEQ CALUX) in the different snow fractions. The bioaccessible and non-
bioaccessible F2 particle fractions of sample 3 added together make the total particle fraction. The figure is modified 
from paper I. 
  
The chromatograms of the F2 particle fractions showed a large high-molecular-weight unresolved 
complex mixture (UCM, Figure 9), probably containing a high proportion of aromatic AhR 
agonists. Because of the UCM, non-target screening was virtually impossible, since individual 
compounds could not be resolved. By using comprehensive 2-dimentional GC it was possible to 
unravel some of the complexity of the UCM and 85 different PAH derivatives were identified, 
such as polycyclic aromatic ketones, alkylated, nitrogen, sulphur- and oxy- PAHs. Some of these 
compounds are known AhR agonists, but to which extent is currently unknown. These results 
show that measuring 16 PAHs as is routine for testing snow and other environmental samples for 
the presence of PAHs might not be sufficient.  
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Figure 9. GC-HR-ToF-MS chromatogram showing an unresolved complex mixture (UCM) on the right. The 
figure is modified from paper I. 
 
 
4.2 Aryl hydrocarbon receptor agonists in European herring gull (Larus 
argentatus) eggs from Norway  
(Paper II) 
European herring gull (Larus argentatus) eggs from the island of Reiaren (in the southeast of 
Norway) were shown to contain 6-360 pg TEQCALUX/g lipid and eggs from the island of Musvær 
(in the north of Norway) contained 16-401 pg TEQCALUX/g lipid (Figure 10). 
 
 
Figure 10. Levels (pg TEQCALUX/g) of AhR agonists, normalized to lipid content in herring gull eggs collected 
from Musvær (north Norway) and Reiaren (southeast Norway). The figure is modified from paper II. 
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No significant differences in AhR agonist activity between the two populations were observed, 
but there were large individual differences, which are thought to be due to differences in feeding 
patterns between individual birds. The levels detected, especially in the herring gull eggs on the 
high end of the scale, might lead to adverse effects in the developing embryo, or to a significant 
increase of contaminant load in the human consumers of these eggs. However, these bioanalysis 
results provided only equivalency data and gave no information on the compounds responsible 
for the biological activity. In paper III the responsible AhR agonists were identified and linked 
with the DR-CALUX data from this paper.  
 
 
4.3 Characterization of AhR agonists reveals antagonistic activity in European 
herring gull eggs  
(Paper III) 
The 23 European herring gull eggs from paper II were chemically characterized to identify the 
compounds responsible for the elevated TEQCALUX values. Targeted analysis was performed for 
dioxins, furans and PCBs (both dl- and ndl- PCBs), and in addition the samples were subjected to 
non-targeted analysis. The chemically calculated WHO TEQ and CALUX specific REP values 
(explaining the AhR responsive toxicity for dioxins, furans and dl- PCBs) are shown in Table 4. 
The average REP values were significantly lower than the average WHO TEQ values (p<0.0001), 
which was mainly due to lower REPs for PCB126 and PCB118. For 19 out of 23 samples, the 
WHO TEQ was higher than the TEQCALUX while the CALUX-specific REP values were higher 
than the measured TEQCALUX in 16 out of 23 samples. It can be concluded that in these samples, 
the REPs correlate better with the DR-CALUX results than the WHO TEF values.  
 
A possible reason for the underestimation of the concentration of AhR agonists in the DR-
CALUX assay is the presence of AhR antagonists or partial agonists. Potential antagonists were 
identified as HCB, some dl-PCBs and some ndl-PCBs. These are compounds with a low binding 
affinity for the AhR and therefore they could possibly compete with stronger AhR agonists, 
giving a net antagonistic effect. However, a clear negative correlation could not be detected. 
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Table 4. Summary of the lipid percentage, the WHO TEQ values and CALUX REP values, as well as the 
TEQCALUX in pg/g lw, the HCB concentration in pg/g lw and the sum of indicator PCBs in ng/g lw, in herring 
gull eggs from two locations. WHO TEF values from van den Berg et al. (2006), REP values from Behnisch et 
al. (2003). The table is modified from paper III. 
  
Pooled(n=23) 
Musvær(n=11)  
(min-max) 
Reiaren(n=12)  
(min-max) 
Lipid %  24 29 (24-32) 19 (11-25) 
     
TEQCALUX     
(pg/g lw) CALUX 135 104 (15-401) 163 (6.2-360) 
     
WHO TEQ Total  249 262 (109-438) 236 ( 82-337) 
(pg/g lw) PCDD/F  24 21 (18-36) 26.6 (9.2-35) 
 PCDD  21 16 (9.0-30) 24.6 (8.7-33) 
 PCB  225 241 (96-402) 209 (73-306) 
 no PCB  201 222 (86-378) 183 (64-248) 
 mo PCB  23 19 (9.5-27) 27 (9.1-44)a 
 PCB 126  190 207 (81-351) 174 (59-237) 
     
CALUX REP Total 167 178 (77-292) 157 (55-223) 
(pg/g lw) PCDD/F 23 23 (14-45) 23 (8.2-32)  
 PCDD 17 14 (8.9-25) 20 (7.5-27)a 
 PCB 144 155 (63-258) 134 (47-195) 
 no PCB 129 140 (56-237) 119 (40-171) 
 mo PCB 15 14 (7.4-21) 15 (7.5-24) 
 PCB126 127 139 (54-235) 117 (39-168) 
     
(ng/g lw) Ind. PCB 2033 1807 (1055-2399) 2269 (1102-3703) 
     
(pg/g lw) HCB 71 123a (29-185) 23 (9.6-52) 
(pg/g lw) p,p'-DDE 446 446 (155- 905) 431 (225- 679) 
(pg/g lw) DDT 11.8 <LOD 10 (1.7-28) 
a value is significantly higher than in the other population 
no PCB: non-ortho PCBs: sum of PCB77, 81, 126, 169 
mo PCB: mono-ortho PCBs: sum of PCB105, 114, 118, 123, 156, 157, 167, 189 
Ind. PCB: Indicator PCBs: sum of PCB28, 52, 101, 153, 138, 180  
 
Differences in the contaminant groups were not significant between the two populations, but 
using PCA analysis the populations were noticeably separated (Figure 11). Furthermore, even 
though no direct association of the TEQCALUX with a single component group was detected, the 
PCA analysis confirmed that HCB and DDE did not influence the TEQCALUX. 
 
WHO TEQ levels detected in these samples were indeed sufficiently high to pose a risk for the 
developing embryo and, for the human consumers of herring gull eggs; these eggs have TEQ 
levels up to an order of magnitude higher than allowable concentrations in chicken eggs for 
consumption.  
33 
 
From these results it can be concluded that biological monitoring of these types of biotic samples 
can give an incorrect image of the concentration of dioxin-like compounds in the samples, while 
chemical analysis of a cleaned-up sample (potentially in combination with biological monitoring) 
would show the concentration of dioxin-like compounds, but would disregard the effect of the 
total mixture on the organism.  
 
 
Figure 11. PCA analysis of the eggs of both populations (Musvær: nr 1-11, indicated with circles and Reiaren: nr 
12-23, indicated with diamonds) together with the contaminant groups: PCDD REP, PCDF REP, non-ortho 
(no-) and mono-ortho (mo-) PCB REP and PCB126 REP, and the concentrations of HCB, the indicator PCBs 
and the TEQCALUX values. The samples with REP values lower than the TEQCALUX values are indicated by 
open symbols. The figure modified is modified from paper III. 
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4.4 Naturally occurring compounds are potential inducers of the aryl hydrocarbon 
receptor in Norwegian mosses  
(Paper IV)  
Nine samples of different moss species, from both urban areas and mountainous areas, were 
subjected to screening with the DR-CALUX assay as well as non-targeted screening using GC-
HR-ToF-MS. The moss extracts were first cleaned-up using a multilayer silica column, and both 
the total extract, as well as the two fractions from the column (hexane and DCM fractions, or F1 
and F2, respectively), were tested separately (Table 5). A large discrepancy between the response 
on the DR-CALUX assay in the total extract and the sum of the fractions was observed and 
suggests the possibility that most of the AhR agonist compounds in these samples were naturally 
occurring compounds that are removed by the multilayer silica column. The F1 showed AhR 
agonist activity of under the limit of quantification (<LOQ). Likewise, the non-targeted chemical 
analysis could not identify any POPs or other anthropogenic AhR agonists in the F1; hence, it is 
likely that most activity measured in the total fraction on the DR-CALUX assay came from 
compounds naturally present in the mosses.  
 
The non-specific bioanalytical DR-CALUX assay does not discriminate endogenous chemicals 
that can interact with the AhR and therefore matrices such as mosses pose a specific challenge. 
Several natural compounds that could possibly bind to and activate the AhR were identified and 
it is also possible that humic substances (HS), a complex mixture of natural macromolecules that 
is known to influence the AhR, may be responsible for a large part of the measured activity. 
These results confirm the promiscuity of the AhR and highlight the fact that a proper clean-up 
should be used when using DR-CALUX alone to assess the risk of environmental samples.  
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Table 5. AhR agonistic activity (TEQCALUX.) as determined by the DR- CALUX assay, in the total fraction, 
the hexane fraction from the dioxin column (F1) and the DCM fraction from the dioxin column (F2) respectively, 
in pg/g dry weight. The table is modified from paper IV. 
Sample 
No. 
Location  Species TEQCALUX 
total fraction  
TEQCALUX F1  TEQCALUX F2  
1. Kolsås  unknown 160 0.4 (<LOQ) 9 
2. Husebybakken  unknown 475 0.71 (<LOQ) 11 
3. Bygdøy  unknown 469 0.67 (<LOQ) 6 
4. Sognsvann  unknown 348 nd 7 
5. Norefjell  unknown 320 nd 105 
6. Hardangervidda  S. tenellum 54 3.72 (<LOQ) 25 
7. Hardangervidda  S. russowi 57 0.78(<LOQ) 2.56(<LOQ) 
8. Hardangervidda  S. pulchrum 87 0.54(<LOQ) 24 
9. Hardangervidda  unknown 127 nd 2.9(<LOQ) 
nd: non detectable, LOQ =limit of quantification 
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5. Discussion 
 
In a time when more and more chemicals are produced to substitute the ones no longer in use or 
restricted, the biosphere has a complex mixture of natural and anthropogenic compounds in its 
compartments. The effects of these mixtures on organisms and ecosystems are often unclear. 
Especially in combination with climate change and habitat destruction, contamination with 
harmful chemicals can push the balance in an ecosystem over the tipping point. Therefore it is 
important to assess which chemicals are present in the environment. However, due to these 
complex mixtures, mere chemical analysis of a sample will often not tell the scientist all that is 
important in a sample. Environmental mixtures consist of benign and harmful chemicals, natural 
and anthropogenic chemicals, bioavailable and non-bioavailable chemicals and chemicals that are 
agonists, antagonists or partial agonists, and of chemicals that can change behavior, depending or 
their concentration and the presence or absence of other chemicals in the mixture. There is, 
however, insufficient knowledge of how all these chemicals interact with organisms and each 
other, therefore there is a need to assess the effect environmental mixtures have on cells or 
organisms. 
 
The following chapter will discuss the methods used in this thesis to assess environmental 
mixtures, and will put the results from the various matrices (road-side snow, European herring 
gull eggs and moss) in a broader perspective. 
  
5.1 DR-CALUX versus chemical analysis 
Bioassays have been used to detect known and unknown toxins since ancient times. From food 
tasters employed to decrease the risk of food poisoning by enemies, to, in modern times, the use 
of animal experiments to detect toxic properties of manufactured chemicals. While human food 
tasters nowadays are illegal in civilized societies, animal toxic studies are still the norm. The use of 
cell assays can reduce the need for animals in toxicity studies, and in addition cell assays are more 
rapid, cheaper and more accurate than studies using test animals.  
 
Receptor binding cell based assays are by definition not compound-specific. Most receptors are 
promiscuous and provide a response to all compounds that are able to bind to the receptor. 
Therefore interpreting the response of cell-assays is significantly more complex than that of 
chemical analysis, where only the compounds targeted for are measured and quantified. In 
addition there are mechanisms such as limited bioavailability and the effects of synergism or 
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antagonism that should be taken into account when interpreting cell assay results (Windal et al. 
2005a), mechanisms that are not applicable when interpreting chemical analysis results.  
 
Even though the DR-CALUX cell assay is no exception, in general there is a good correlation 
between toxic equivalents measured by the DR-CALUX assay (TEQCALUX) and the TEQs 
calculated from chemical analysis data, especially when the ratio of PCDD/Fs and PCB to other 
AhR ligands is constant (Windal et al. 2005b). However, WHO TEF values are consensus values 
based on a combination of the available in vitro and in vivo data, using different biological 
endpoints and are considered estimates with an order of magnitude uncertainty (Van den Berg et 
al. 1998), while the DR-CALUX assay merely gives a response to the binding to the AhR. In 
conclusion, a biological system such as a cell assay and analysis of individual chemicals are two 
processes with completely different principles: The cells response to the complex mixture of 
chemicals in the cell, while chemical analysis only measures the concentration of the individual 
compounds. The DR-CALUX has been shown to underestimate the AhR agonist activity of 
some dioxin-like compounds in general and dl-PCBs in particular (Brown et al. 2001). Several 
studies have determined CALUX specific REP values, by testing individual AhR agonist 
compounds on the DR-CALUX assay and plotting the response against 2,3,7,8-TCDD (Brown et 
al. 2001, Behnisch et al. 2003, Ghorbanzadeh et al. 2014) (see Table 1 in Introduction). Such REP 
values were used to compare biological data with chemical data and, especially for the PCBs, are 
found to correlate better than the WHO TEQ (Carbonnelle et al. 2004). 
 
5.2 Effect directed analysis 
Environmental samples typically contain mixtures of contaminants that range from legacy 
contaminants, such as dioxins, furans and PCBs, to contaminants of emerging concern, such as 
flame retardants and antibiotics as well as personal care products and pharmaceuticals, that have 
only recently been detected and appreciated as potential environmental threats (Burgess et al. 
2013). Identifying all these compounds present in environmental samples with conventional 
chemical analysis, is expensive and time consuming at its best and nearly impossible at its worst 
(Hecker and Hollert 2009).  
 
Where a cell assay like the DR-CALUX assay is not able to identify the responsible chemicals and 
the identification of unknowns by using chemical analysis with for example GC-HR-ToF-MS is 
challenging at its best, the combination of the two techniques can help to evaluate both the 
toxicity and the complexity of an environmental sample. This, in combination with the 
38 
 
simplification of the complex mixture using fractionation techniques, which helps to understand 
more about the type of compounds that are present, are the techniques used in EDA: integrating 
chemical analysis with biological effects of (groups of) chemicals, to help to simplify the 
identification procedure. With EDA the best of both techniques is combined: the bioassay 
provides knowledge on possible interactions between congeners and provides information on the 
total sum of toxicity (Behnisch et al. 2001) and can in addition direct the chemical analysis 
towards the fractions where the most activity is present, while chemical analysis can be used to 
identify the compounds responsible for the biological activity.  
 
Nevertheless, EDA type studies of integrated analysis have not always been successful: 
identification of the responsible chemicals is often the bottleneck in EDA (Reemstma 2001). It is 
also expensive, very time-consuming and requires a high level of expertise in both analytical 
chemistry and ecotoxicology. It has, however, been successfully used to identify and confirm the 
presence of contaminants in the environment in many other cases and it is still the only way 
towards an assessment of toxicity of compounds without a priori knowledge that are present in 
environmental samples (Brack 2003). 
 
When working with EDA-type analysis, different challenges come along with different types of 
samples and not always all effect causing compounds can be identified. In the current thesis 
interference on the DR-CALUX assay with non WHO AhR agonists at low concentrations of 
dioxins, furans and PCBs is reported, both from a complex mixture of PAH derivatives (paper I) 
and natural AhR agonists (paper IV). At high contaminant concentrations a discrepancy was 
noted as well, however in this study the chemical TEQ was higher than the TEQCALUX (paper III), 
probably due to interference on the DR-CALUX assay with AhR antagonists or partial agonists. 
 
The following sections will discuss the data acquired during this PhD project with reference to 
existing knowledge on EDA available in the literature, with priority on studies investigating the 
AhR agonist activity using the DR-CALUX or EROD assays. The discussion is separated into 
the different sample types relevant for this dissertation: abiotic samples and biotic samples, 
divided into a section on animals and a section on plants. In addition, the different sample types 
will be discussed with respect to challenges that were met while extracting, analyzing biologically 
and chemically, or identifying responsible candidates. 
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5.3 Abiotic samples 
Sediments, soils and air particulate matter are often the final sink for dioxin-like compounds due 
to their hydrophobic nature, and they can be a source of potential exposure to aquatic organisms 
(Lodge 2002).  
 
5.3.1 Sediment samples versus particle fractions 
Several studies on EDA in sediment samples are summarized in Table 6. High concentrations of 
PAHs are often responsible for a large portion of AhR agonist activity in soils and sediments. 
PAHs are easily metabolized, but are compounds of concern due to their toxicity and occurrence 
at high concentrations. The AhR agonist potency of PAHs has been investigated by Machala et al 
(2001) and ranged from no induction (fluorene) to an IEF of 2.9x 10-3 (benzo[k]fluoranthene).  
 
Benzo[k]fluoranthene and benzo[b]fluoranthene were found to be responsible for over 99% of 
the AhR activity in sediments from a Czech river basin (Hilscherova et al. 2001). In German river 
sediments the majority of AhR agonist activity came from unknown compounds, while PAHs 
made up to 6-50% of the activity and PCDD/Fs and PCBs contributed only minor (0-8%) 
(Keiter et al. 2008). In Chinese lake sediments PAHs contributed to more than 80% of all AhR 
agonist activity in most samples (Qiao et al. 2006) (Table 6).  
 
Table 6. Summary of EDA studies characterizing the AhR agonist activity in sediment/soil samples. 
Sample type Country pg TEQ/g dw 
Biological 
pg TEQ/g dw 
Chemical 
Reference 
Estuary sediment UK 1-106 5-18.3 (Hurst et al. 2004) 
Harbor sediment  Netherlands 0.2-136 2-40a (Stronkhorst et al. 2002) 
Soil  South Korea 0.9-650 0.06-47 a (Joung et al. 2007) 
River sediment Czech Republic 1,900- 23,000 782- 22,295b (Hilscherova et al. 2001) 
River sediment Germany 117-1,400 28-126 (Keiter et al. 2008) 
Lake sediment China 17.8- 35.8 19.5- 37.9b (Qiao et al. 2006) 
Lake sediment China 200-311 1.7- 4.5 b (Wang et al. 2014) 
a PCDD/F TEQ only 
b TEQ includes PAHs  
 
The particle fractions from the snow samples (paper I) are in fact very different from soil (these 
particles consist of road and car tire wear, car exhaust fume particles and soot in addition to soil 
particles); therefore the chemical composition of the particles is expected to be different than that 
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of genuine soil. In the particle fractions, no AhR agonist activity was detected in the fraction that 
should have contained all dioxins, furans and PCBs. Likewise, dioxins, furans and PCBs could 
not be identified with chemical analysis. On the other hand, in the fraction containing PAHs, 
AhR agonist activity of 2,350-4,940 pg TEQCALUX/g ww was measured. PAHs with known IEF 
values could explain 2-9% of the biological TEQCALUX activity, and this was mainly due to the 
presence of benzo[k]fluoranthene. In addition, one of the snow samples was analyzed with 
GCxGC-ToF-MS, and 85 PAH derivatives could be identified. These were amongst others 
polycyclic aromatic ketones (PAKs) and other PAH derivatives. One study investigated AhR 
agonist activities in several PAKs (Misaki et al. 2007), however, only 11H-Benz[a]fluoren-11-one 
and 11H-Benz[a]fluoren-11-one are identified in the snow sample. IEFs of these compounds 
were 0.000047 and 0.000014 respectively which, with concentrations of these compounds of 
2674 and 668 pg/g in the snow particle sample, can be calculated into IEQs of 0.05 and 0.04 
pg/g, respectively. Also the compounds carbazole and dibenzothiophene that where identified in 
the particle sample, bind to the AhR, but IEFs have not been determined (Wassenberg et al. 
2005). Most of PAH derivatives have, to date, no known IEF values but it is likely that these 
compounds, to some extent, contribute to the total AhR activity in the snow particle samples. 
The question remains if the 16 PAHs that are routinely used to monitor the occurrence of PAHs, 
are representative for the total amount of PAH (-derivatives) with AhR binding affinity. 
 
5.3.2 Melt water fractions 
In the melt water fractions from the snow samples, TEQCALUX levels of between 15-387 pg 
TEQCALUX/L were detected in the urban samples and 221 pg TEQCALUX/L was measured in the 
mountain sample. Similar to the particle fraction, chemical analysis could detect only PAHs such 
as naphthalene, acenaphthalene and fluorine. Benzo[e]pyrene is the only measured PAH with an 
IEF value (6.3 x10-7), giving rise to a IEQ of 0.0007- 0.0027 pg/L in the urban samples and 0.001 
pg/L in the mountain sample. These chemical data explain 0.0008- 0.0033% of the activity 
measured on the DR-CALUX assay in the urban samples, versus 0.0006% in the mountain 
sample. The (biological) AhR agonist potency of these samples are an order of magnitude higher 
than in water samples from South Korean rivers, where 0.7-17.6 pg TEQCALUX/L was measured 
in the samples. In these river samples however, dioxins and furans were detected with HRGC 
analysis (0.1- 2.3 pg WHO TEQ/L) explaining 1.9- 128% of the biological activity (Joung et al. 
2007). 
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In absence of other studies comparing biological activity of AhR agonists with chemical analysis 
in snow, the results from paper I are compared with studies on targeted analysis of PAHs in 
snow samples in Table 7. As shown in Table 7a, the PAH levels in urban samples from paper I 
are comparable to urban samples from other studies, while the mountain sample (compared to 
‘remote samples’: national parks and arctic environments) is up to two orders of magnitude 
higher. This is mainly due to a high concentration of naphthalene, which becomes visible when 
the naphthalene is excluded from the PAH data from paper I and the results are compared to 
studies that do not report this PAH (Table 7b). 
 
Table 7. Summary of studies on PAHs in snow, a) including naphthalene and b) excluding naphthalene 
Area Country Congeners Conc in ng/L Reference 
a) Including naphthalene    
Urban samples Norway Σ 19 PAH 518- 2,450 Current thesis, paper I 
 Norway Σ19 PAH 1,130-16,700 (Bækken 2006) 
 Italy Σ15 PAH 77-290 (Gabrieli et al. 2010) 
Remote samples Norway Σ 19 PAH 4,050 Current thesis, paper I 
 Italy Σ 15 PAH 20-66 (Gabrieli et al. 2010) 
 Canada Σ7 PAH 36-660 (Peters et al. 1995) 
 Greenland Σ12 PAH 1,200 (Masclet et al. 2000) 
 Canada Σ16 PAH 12.6 (Welch et al. 1991) 
    
b) Excluding naphthalene    
Urban samples Norway Σ 18 PAH 36-210 Current thesis, paper I 
 Germany Σ13 PAH  1,607-3,822  (Prieto et al. 2010) 
Remote samples Norway Σ 18 PAH  60 Current thesis, paper I 
 Norway Σ22 PAH  25-32 (Carrera et al. 2001) 
 Spain Σ22 PAH  5.6  (Carrera et al. 2001) 
 Austria Σ22 PAH  17  (Carrera et al. 2001) 
 Switzerland Σ22 PAH  16  (Carrera et al. 2001) 
 Poland Σ22 PAH  81 (Carrera et al. 2001) 
 
A study investigating the possible sources of contamination in Greenland snow, concluded that 
the major sources of PAHs seem to be urban combustion and biomass burning during seasonal 
pulse events (Masclet et al. 2000). In the seasonal snow from paper I, urban combustion was 
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likely to be the largest contributor in the urban samples. Low molecular weight compounds (for 
example naphthalene) travel furthest from the source and were highly represented in the remote 
sample, where the possible sources of contamination are local (cabins), regional (a nearby ski 
resort) or through LRT. 
 
5.3.3 Challenges 
One of the main challenges with the use of EDA in abiotic samples concerns the bioavailability 
of the toxic compounds. Sediments can act as sinks for pollutants and render them less or non-
available for organisms. River sediments, for example, are loaded with a multitude of particle-
bound legacy POPs that can become available for organisms during erosion or flood events 
(Wölz et al. 2010). For the analysis of such sediments, this means that during extraction a 
separation must be made between the bioavailable and the non-bioavailable fraction (Brack et al. 
2009).  
 
When analyzing the abiotic matrix used for this thesis, road-side snow, the subject of 
bioavailability came into focus in an unsuspected manner: by extracting the water fraction, only 
the dissolved chemicals were measured on the DR-CALUX assay. However, the sample from 
what was thought to be a pristine area had an unexpectedly high activity. The particle fraction on 
the filters was extracted and analyzed as well, and was found to have an elevated level of AhR 
agonists. These kind of particles contain car exhaust fume particles that are known to contain 
soot (or black carbon, BC) (Koelmans et al. 2006). The term BC is used to describe al products 
of incomplete combustion of both biomass and fossil fuels (Cornelissen and Gustafsson 2005). 
Dioxins, PAHs and other contaminants are known to bind strongly to BC (Cornelissen et al. 
2005), and BC could possibly trap part of the contamination originally present in the snow from 
urbanized areas. This could potentially lead to relatively lower AhR agonist levels in the water 
fractions of the filtered city samples when compared to those of clear, particulate-free mountain 
snow. This could explain the relatively high AhR agonist concentration in the remote sample 
compared to the urban samples. When PAH data from Arctic snow was compared with the BC 
concentration, no correlation was found (Peters et al. 1995), but in Norwegian harbor sediments 
strong correlations were found between individual PAHs and BC (Oen et al. 2006). In addition, 
in the particle samples only 16% of AhR agonists were found to be bioavailable, indicating that 
84% is bound to the particles and to the BC. The high concentration of BC in the particles 
confirms that more than 50% of AhR agonists are bound and therefore less bioavailable. 
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Also the presence of dissolved/natural organic matter (D/NOM) in abiotic samples is known to 
influence the bioavailability. DOM at environmental levels can enhance the water solubility of 
organic contaminants and can change the biomembrane permeability of the cells, facilitating the 
availability and uptake of contaminants. (Bittner et al. 2011). This possibility is, however, not 
investigated in the snow samples. 
 
Another issue with the road-side snow was the difficulty experienced with separating the 
chemical mixture in the particle fractions enough so individual compounds could be identified. 
Such a situation is reported previously in samples contaminated with oil, where aromatic 
hydrocarbons exist in a UCM (Thomas et al. 2002). These UCMs consist largely of PAHs and 
PAH derivatives. Fractionation is not effective to resolve a UCM, but it is possible to tease out a 
few more compounds using two-dimensional GCxGC-ToF-MS (Figure 12). The PAH derivatives 
that where identified in the UCM of the snow particles, are found in oil, gas and diesel (alkylated 
PAHs), in combustion products (PAKs, alkylated PAHs), or in creosote and tar (nitrogen, 
sulphur and oxygen PAHs). Most of the UCM however, remains unresolved and might contain 
many other chemicals that can interact with the AhR, but with the available separation 
techniques, even in two dimensions, it is not possible to identify them. 
 
 
Figure 12. GCxGC-ToF-MS chromatogram showing an unresolved complex mixture (UCM). The three large 
peaks on the left are solvent peaks; on the right the UCM is visible. In the two-dimensional graph on the far right 
several PAH derivatives can be identified in the light blue area. The figure is modified from paper  I. 
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5.4 Biotic samples- animals 
In the current thesis the animal kingdom is represented by European herring gull (Larus 
argentatus) eggs (papers II and III).  
 
5.4.1 EDA using animal samples 
As far as we are aware, there is only one other study where contaminants in herring gull eggs are 
analyzed using EDA. In this study about 99% of activity could be explained, 98% of the active 
compounds were PCBs and 2% were dioxins and furans. (Kennedy et al. 1996b). In paper II and 
III, the herring gull eggs study, PCBs contributed on average to 90% of the total WHO TEQ, but 
the chemically calculated WHO TEQ measured up to 16 times higher than the biological TEQ. 
The PCB that contributed highest to the total WHO TEQ in the herring gull eggs was PCB126, 
the PCB with the highest TEF value (WHO TEF of 0.1). In a study on EDA in eggs and liver 
samples from predatory birds from the UK, PCB126 was not detected while dl-PCBs with low 
TEF values could explain most of the AhR agonist activity in the most contaminated samples, 
while unknown compounds were responsible for the AhR agonist activity in less contaminated 
samples (Pereira et al. 2014). Other EDA studies on animal samples include studies on fish such 
as cod, where values of 58-95 pg TEQCALUX/g lw were measured, but no correlation with dioxin-
like PCB TEQs could be detected (Dabrowska et al. 2010). However, in a study on EDA in 
several vertebrate and invertebrate species a good correlation between TEQCALUX and PCDD/F 
TEQ has been observed, with TEQCALUX values approximately 2.8 times higher than PCDD/F 
TEQ in the vertebrates and 8 times higher in the invertebrates, respectively (Windal et al. 2005b).  
 
5.4.2 Screening of food and blood 
The use of EDA is currently being tested for screening purposes of animal-derived food, such as 
fish and milk. Cow milk samples, for example, were analyzed using the DR-CALUX assay, and 
samples with suspiciously high levels were analyzed chemically to identify the cause of the 
pollution (van Overmeire et al. 2004). It was, however, a challenge to interpret the data, since the 
DR-CALUX data had a high variability and the TEQ levels above which a sample should be 
considered suspicious (with a 99% certainty) was close to the background TEQ levels. In cow 
milk samples from farms near possible dioxin sources in Belgium, a median TEQCALUX of 3.1 
pg/g lw, was measured, while the median dioxin, furan and dl-PCB TEQ was 6.3 pg/g lw, 
however, a good correlation was found and no false negatives were obtained (Schoeters et al. 
2004). 
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The EDA approach has also been used in the screening of human blood or serum for AhR 
agonists, for instance in a study on PCBs in human serum and follicular fluid of infertile women, 
a good correlation (r=0.83) was found between TEQCALUX and chemically derived TEQ (Pauwels 
et al. 2000). In minimally purified human blood samples, the TEQCALUX was an order of 
magnitude higher than the chemically calculated TEQ. With a diet of high vegetable 
consumption the TEQCALUX became even higher, suggesting the influence of naturally occurring 
AhR agonists in the diet on the DR-CALUX results (Connor et al. 2008). In purified human 
serum samples, where the interference of natural AhR agonists can be neglected, the chemically 
measured TEQ values were two times higher than the TEQCALUX measurements (Koppen et al. 
2001). 
 
5.4.3 Challenges 
The characterization of AhR agonist compounds in herring gull eggs has proven to be most 
successful of all samples analyzed in this thesis, if the quantity of compounds that could be 
identified is the only consideration. For most of the samples (82%), the official, chemically 
analyzed, WHO TEQ values were higher than the biological AhR agonist activity (in TEQCALUX). 
This is a situation that has previously been documented, albeit not in such high quantities. For 
example, in two out of five samples studied from sediments from UK estuaries, chemically 
measured WHO TEQ was higher than the DR-CALUX assay, possibly due to stable compounds 
antagonizing the AhR in the samples (Hurst et al. 2004).  
 
In addition to WHO TEQ values, CALUX specific REP values were calculated for the herring 
gull eggs, and there was no significant difference between the TEQCALUX and CALUX specific 
REPs (using REP values by Behnisch et al. (2003)), while there was a significant difference 
between TEQCALUX and WHO TEQ values. This suggests a better correlation of the results from 
the CALUX assay with the REP values. However, also when using REP values to calculate the 
total AhR agonist activity, the chemically calculated values were higher than the biologically 
measured TEQCALUX in 69% of the egg samples (Figure 13). 
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Figure 13. Correlation between TEQCALUX and REP values for A) Musvær and B) Reiaren, in pg/g lw in 
herring gull eggs. The solid line is the trend line; the dotted black lines are the 95% confidence bands, the gray 
dashed lines are the lines of equality and the numbers in the graphs correspond to the sample numbers. The figure is 
modified from paper III. 
 
5.4.4 AhR antagonists 
Assuming additivity, the total REP value of a sample should be the same as the TEQCALUX value 
(or, when unidentified AhR agonists are present in the sample, the TEQCALUX value would be 
lower than the REP). In the case of the herring gull eggs with higher REP than TEQCALUX values, 
it could have been possible that compounds were present that act as antagonists on the AhR and 
therefore lower the TEQCALUX values. 
 
Different types of (AhR) antagonists exist; for example competitive antagonists or partial 
agonists. Competitive antagonists bind the receptor without activating it, and thereby preventing 
agonists to bind and activate the receptor. Partial agonists act as either agonists or antagonists, 
depending on the circumstances, they are agonists when alone (with a lower EC50 than a true 
agonist) but in combination with high concentrations of a true agonist, a partial agonist will act 
like an antagonist and lower the final response.  
 
In the case of the AhR, partial agonist activity has been documented for HCB, which is an 
agonist to the AhR when alone, with a proposed TEF value of 0.0001 (van Birgelen 1998), but 
gives a lower than expected response when together with TCDD (ratio 1:50,000), and therefore 
acts like an antagonist in high concentrations (Schroijen et al. 2004). Similarly, the most potent 
amongst the PCBs, PCB126 (with a WHO TEF of 0.1 and a CALUX specific REP of 0.067) has 
been documented to have antagonistic effects when in mixture with TCDD (Sanctorum et al. 
2007). Also 2,2’,5,5’-tetrachlorobiphenyl (PCB52), 2,2',4,4',5,5'-hexachlorobiphenyl (PCB153) and 
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other ndl-PCBs could have the same partial agonist effect. (Garrison et al. 1996, O'Kane et al. 
2014). In the seagull egg samples with higher REP than TEQCALUX values, some potential partial 
agonists could be identified, namely HCB, PCB126 and several ndl-PCBs, but a clear negative 
correlation with the TEQCALUX could not be identified, and therefore the presence of antagonists 
could not be proven.  
 
5.5 Biotic samples - plants 
It is expected that plants play a vital role in the global cycling of semi-volatile POPs, since they 
cover over 80% of the earth’s land surface, their surface area is generally larger than the land they 
cover and plants have a large lipid fraction which can accumulate lipophilic compounds (Lead et 
al. 1996). In addition, mosses, the chosen plants in this thesis (paper IV), have a high surface-to–
volume ratio (5-10 times higher than vascular plants) (Reimann et al. 2006), and they lack 
cuticular waxes and therefore do not have waterproof surfaces which may facilitate the 
absorption of POPs and this may also prevent the contaminants being washed away at later 
stages (Carballeira et al. 2006). 
 
5.5.1 Moss as passive sampler 
To my knowledge, no other studies using plants in an EDA-type study have been published, and 
neither have plants been used as samples to test on AhR agonist sensitive bioassays. However, 
mosses have been used for dioxin monitoring in Spain (Carballeira et al. 2006) and PAH 
monitoring in Poland and China (Lui et al. 2005, Galuszka 2007). They have been used as passive 
air samplers of PAHs in a Polish city (Orlinski 2002) and as a bioindicator for PAHs in Hungary 
(Ötvös et al. 2004). And they were used to investigate the PAH concentrations along a major 
highway in Finland (Viskari et al. 1997) and as a bioindicator for PCBs and pesticides in 
Singapore (Lim et al. 2006). In Norway mosses have been used as passive air samplers of heavy 
metals since 1976 (Steinnes 1980) and later of polybrominated diphenyl ethers (PBDEs) in a lake 
environment (Mariussen et al. 2008a), in addition to spatial and temporal monitoring of PCBs 
(Lead et al. 1996) and to investigate the influence of a city (Oslo) on element contents in moss 
(Reimann et al. 2006). And they were part of a terrestrial foodweb (moss- herbivores-lynx) 
investigated for PBDEs (Mariussen et al. 2008b). 
 
5.5.2 Challenges 
Even though moss is considered a powerful tool for dioxin monitoring (Carballeira et al. 2006), 
chemical analysis of the moss samples from Norway did not detect any POPs (as shown in paper 
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IV), and in addition the fraction that should contain dioxins, furans and dioxin-like PCBs (F1), 
did not show any biological activity when tested using the DR-CALUX assay. When the 
detection limit of the DR-CALUX assay is taken into account, TEQs (dioxins and furans) in 
moss from woodland and suburban areas in Spain were below the DR-CALUX limit of detection 
(LOD)(Carballeira et al. 2006). In addition, a temporal trend study on Norwegian moss measured 
a general decline in total PCB concentrations between 1977 and 1990 (Lead et al. 1996), and even 
though PCBs were reported as homologue groups only (and therefore TEQs could not be 
calculated) the PCB concentrations are closing in on the DR-CALUX LOD. The fraction that 
would be expected to contain PAHs (F2) showed elevated activity in the DR-CALUX assay. 
However, PAHs could not be detected with chemical analysis. Supporting this, all PAHs with 
IEF values (except fluoranthene), are heavy molecular weight compounds (more than three 
benzene rings) and therefore adsorb easily onto particles and are not expected to be deposited far 
from their combustion source (Ötvös et al. 2004). The moss samples were all collected according 
to guidelines from the European Moss Monitoring Project, with a minimum distance of 300 m to 
major roads and larger settlements, a minimum of 100 m to minor roads and houses and a 
minimum distance of 5m to forests roads (Reimann et al. 2006). Therefore a high influence of 
PAHs on the AhR is not expected.  
 
5.5.3 Natural AhR agonists and antagonists 
In the moss samples from paper IV the sum of the fractions was lower than the activity in the 
total extract. This discrepancy suggests the presence of natural and labile AhR agonists in the 
total fractions. Some compounds that could potentially be naturally occurring AhR agonists were 
identified with non-target screening and included plant hormones, colourings and fragrances. 
Natural occurring AhR agonists have been frequently studied, and compounds such as 
furocoumarins in grapefruit juice and indole-3-carbinol in cruciferous vegetables like Brussel 
sprouts, in addition to bergapten in marmalade, have been shown to elicit a response in the DR-
CALUX assay (Baumgart et al. 2005, Connor et al. 2008, van Ede et al. 2008). Dietary herbal 
extracts such as liquorice root and ginseng root were shown to induce the AhR, while vegetable 
and fruit extracts, for example jalapeño peppers and corn, appear to contain both agonists and 
antagonists (Jeuken et al. 2003). Competitive antagonism of the AhR has been documented for 
ellipticine derivatives (Gasiewicz et al. 1996) and for resveratrol, a compound found in red wine 
(Casper et al. 1999). Another study showed antagonistic effects in vegetables such as spinach and 
fruits such as citrus, and concluded that specific food extracts may prevent dioxin toxicity 
associated with the AhR (Amakura et al. 2002).  
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Humic substances (HS), ubiquitous organic compounds that occur in soils and aquatic 
ecosystems, have also shown to bind and activate the AhR (Bittner et al. 2006, Janosek et al. 
2007). HS is highly complex and not well characterized, but seems to mainly consist of 
macromolecular substances like humic acid, fulvic acids and humins. These molecules (and their 
fragments) have a different structure than the prototypical AhR agonists (dioxins, furans and dl-
PCBs), confirming the promiscuity of the AhR (Bittner et al. 2006). It is likely that the moss 
samples contained HS, which could have had an influence on the elevated AhR agonist levels, as 
determined by the DR-CALUX assay.  
 
 
5.6 Synthesis 
The three different sample types in this dissertation (road-side snow, European herring gull eggs 
and moss) have all been analyzed using similar approaches. All have been extracted, tested on the 
DR-CALUX assay and analyzed chemically. All samples showed AhR agonist activity; however, 
most levels of AhR agonists cannot be directly compared since the units are different. The snow 
dissolved fraction can only be reported in liters, whereas the particle fractions can be reported in 
liters or in dry weight. The herring gull egg samples can only be reported in lipid weight or wet 
weight. The moss is presented in dry weight. Mosses may hold 16-26 times as much water as their 
dry weight, depending on the species and circumstances (Bold 1967), so their wet weight can be 
calculated, with some uncertainty (Table 8).  
 
Table 8. Summary of DR-CALUX results in the total fractions of the different sample matrices  
Sample type Urban Remote Unit 
Snow- dissolved 15-387 221 pg/L 
Snow- particles 1350-7390 - pg/L 
Snow- particles 2350-4940 - pg/g dw 
Herring gull eggs 6-360 16-401 pg/g lw 
Herring gull eggs 10-41 6-26 pg/g ww 
Moss 160-469 54-320 pg/g dw 
Moss 6-29 2-20 pg/g ww 
 
When the snow particles and moss, both in pg/g dry weight are compared, it becomes apparent 
that the snow particles have a TEQCALUX response an order of magnitude higher than the moss 
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samples. This is to be expected since the aims of the snow study was to determine levels of AhR 
agonists in the snow emitted by traffic, while the moss samples were collected according to the 
moss monitoring guidelines: as far away from local sources as possible. The herring gull eggs and 
the moss samples, both in wet weight, have similar levels of AhR agonists, however, in the 
herring gull eggs these levels come from elevated concentrations dioxins, furans and dl-PCBs, 
while in the moss samples no anthropogenic compounds could be identified. 
  
The identity of the present chemicals differ tremendously (Table 9). In the snow samples only 
PAHs could be identified, while these seemed to be absent in both the herring gull eggs and the 
moss. In the herring gull eggs elevated concentrations of PCDD/Fs and PCBs were identified, 
compounds that were not found in the snow or the moss. In the moss samples no anthropogenic 
AhR agonists could be identified, and the results suggested the presence of natural AhR agonists. 
In the herring gull eggs AhR antagonists seemed to be present, but no negative correlation with 
the TEQCALUX and compounds with reported antagonist activity could be found. 
 
Table 9. Summary of target and non-target analysis in the different sample matrices 
 Sample type TEQ or IEQ Other compounds 
identified 
WHO TEQ Snow- dissolved  nd  
 Snow- particles  nd  
 Herring gull eggs (pg/g lw) 82-438  
 Moss nd  
    
IEQ (PAH) Snow- dissolved (pg/L) 0.0007-0.003 nd 
 Snow- particles (pg/L) 125-219 PAH derivatives 
 Herring gull eggs nd ndl-PCBs, AhR antagonists 
 Moss  nd Natural AhR agonists 
nd= not detected 
 
The different matrices analyzed in this thesis clearly show the advantage of analyzing 
environmental samples with an EDA-type approach. If the samples would have been analyzed 
biologically only, some of the samples would have been falsely regarded as negative samples and 
others would have been falsely regarded as positive, while, if only chemical analysis would have 
been used, the effect of all these compounds in a mixture would have been missed and chemicals 
not targeted would not have been detected.   
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6. Conclusions 
 
This thesis has demonstrated that a holistic approach is necessary to better understand the 
dynamics in the complex mixture of chemicals often found in environmental samples. By 
combining chemical and biological assays and investigating the effect of the complex mixture on 
a cell assay, more information can be discovered about an environmental sample then when one 
of the methods is used alone.  
 
In paper I, AhR agonists were characterized in road-side snow samples as PAHs. Most of the 
biological activity was found in the particulate fraction and 2-9% of the activity could be 
explained by the presence of PAHs. The remaining mixture was too complex to be able to 
identify all the individual compounds, although 85 PAH derivatives could be identified. These 
results show that measuring 16 PAHs as is routine for testing snow and other oil contaminated 
samples for the presence of PAHs is not sufficient, as many other compounds could be a 
potential threat to organisms during melting in spring.  
 
-In paper II and III, European herring gull egg samples were analyzed and elevated 
concentrations of dioxins, furans and dl-PCBs were measured. However, in 18 out of 23 samples 
the chemically calculated REP values were higher than the biological TEQCALUX values, suggesting 
the presence of AhR antagonists. From these results it can be concluded that bio-monitoring of 
eggs and similar samples could underestimate the concentration of dioxins, furans and dl-PCBs, 
therefore it is recommended to complement biological screening with chemical analysis. With 
proper extraction methods, eliminating the more labile antagonists, the effect of the stable 
compounds only can be measured, however, it is expected that some of the antagonists are stable 
compounds. In addition, when measuring the stable compounds only, the effect of the total 
complex mixture on the organism would be disregarded. 
 
-In paper IV no biological activity was detected in the stable fraction isolated from moss and, 
supporting this, no compounds of interest could be identified. In the labile fraction an elevated 
biological AhR agonist activity was measured. This activity was probably due to naturally 
occurring compounds and the presence of HS. These results show how important it is to use a 
clean-up method separating the known anthropogenic AhR agonists (dioxins, furans and dl-
PCBs) from the more labile fraction. 
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Overall this thesis contributes to the understanding of the effect of complex mixtures of 
chemicals, the importance of assessing the bioavailability and the possible presence of natural 
AhR agonists and anthropogenic antagonists in environmental samples. 
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7. Future directions 
 
Based on the results presented in this thesis, it is clear that processes such as bioavailability and 
interactions between chemicals, agonistic or antagonistic, as well as the possible presence of 
natural AhR agonists or antagonists, are important to consider when interpreting both chemical 
and biological data. It is clear that much remains unknown about the mechanisms at work within 
the complex mixtures of chemicals present in environmental samples, and that present 
technologies are not necessarily potent enough to detect and identify all biologically active 
compounds in a sample. The (large) discrepancy between the total and explained activity in most 
of the samples highlights the fact that there are other as yet unidentified AhR agonists present in 
the environment and shows that current monitoring for toxicants might not be sufficient. 
Especially abiotic samples can contain a large number of AhR active PAH derivatives that are as 
yet largely uncharacterized. In addition, the results for abiotic samples have shown the 
importance of assessing the percentage of compounds that are bioavailable, which should be 
taken into account when analyzing these kinds of oil contaminated samples. In biotic samples 
other mechanisms are at work, and when monitoring these kinds of samples, factors such as 
antagonism and agonism of natural compounds should be taken into account. 
 
Unfortunately is was not possible, due to time constrains, to use a quantitative structure–activity 
relationship (QSAR) model to investigate the natural compounds identified in the moss samples 
and the PAH-derivatives in the road-side snow samples for AhR agonist activity. This would 
possibly have identified how much of the activity is accounted for by natural AhR agonists in the 
moss, and would have contributed to the understanding of the contribution of PAH-derivatives 
to the total AhR agonist activity in the road-side snow samples. In the future EDA-type studies 
would benefit from gaining knowledge on AhR agonist activity of more individual compounds, 
and from finding IEF values for these compounds 
 
More chemicals are being produced every day, creating even more complex chemical mixtures in 
environmental samples. Simultaneously the technology advances and more knowledge on 
interactions between chemicals and their environment become available. Therefore this type of 
implemented research will become more and more important and meaningful. The use of the 
DR-CALUX assay combined with chemical analysis as used in this thesis will thus remain an 
important tool in cost-effective screening and assessment of initial interactions between 
chemicals and their molecular and cellular targets, either as single chemicals or as complex 
54 
 
mixtures. I believe that, in addition to a continuous focus on identification of harmful chemicals, 
the emphasis of environmental scientists should become more on interactions of environmental 
relevant complex mixtures on organisms. 
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